INTRODUCTION
The Kobe-Naruto and Kojima-Sakaide routes of the Honshu-Shikoku bridges are designed to be of the combination railway and highway type. Consequently, fatigue due to live loads will pose a problem of grave importance.
The allowable fatigue stresses employed in the designs of Honshu-Shikoku bridges have been determined on the basis of results of tests on various joint specimens as indicated in [1] . However, the configurations and dimensions of specimens in fatigue tests performed in the past were fairly restricted due to limitations in the capacities of testing machines, and considering the scales of the bridges, it is necessary to examine fatigue properties of various joints using larger specimens.
Accordingly, the Honshu-Shikoku Bridge Authority has had a fatigue testing machine of the capacity of maximum dynamic load of 400 ton [4 x 106 N] made and is now carrying out fatigue tests of joints and parts of structures.
In the present study, fatigue properties of the partially penetrated longitudinal welded members were examined experimentally using specimens of 800-N/mm2 class high tensile strength steel 45 mm in thickness. Plates 45-mm thick will generally be used in Honshu-Shikoku bridges.
For railway bridges in Japan1) the allowable fatigue stress for this type of joint is that for the highest strength group, Category A: 15.3 kg/ mm2 (150 N/mm2) under pulsating stress. Adoption of the same value had been considered for the Honshu-Shikoku bridges2. However, in fatigue tests of panel point structures of trusses3>>4, fatigue cracks were initiated at corner welds of box section truss members after only a small number of repetitive stresses which were not more than the above-mentioned allowable stress. Consequently, for the Honshu-Shikoku bridges, this joint is classified today as Category B (12. 75 kg/mm2 (125 N/mm2) under pulsating stress)5).
Previous fatigue studies by the authors et. al. on common-size single-bevel groove weld specimens have clarified that the reduction in fatigue strength due to existence of welding residual stress is very substantial6>>'> and that fatigue cracks are initiated from bottom surfaces of weld metal at extremely early stages of the lives'. Studies by Ito et al.'s on the same kind of joint suggested that fatigue strength of this joint decreases as the size of the specimen is enlarged, and therefore, it is important for prevention of fatigue failure of steel members that the fatigue properties of this joint indicated by small-size specimens be confirmed with large specimens.
WELD FABRICATION AND TESTING METHOD
The steel for testing was 80-kg/mm2 [800 N/ mm2] class quenched and tempered high tensile strength steel of 45-mm thickness, the mechanical properties and chemical composition of which are shown in Table 1 . Welding was done by the automatic submerged-arc welding process [electrode: US80B 4.8 c, flux: MF38]. Tack welds were made manually [electrode: LB52, 5] at the middles and other specified locations of specimens. The welding detail is shown in Fig. 1 and the welding conditions are shown in Table 2 . The configurations and dimensions of the specimens are indicated in Fig. 2 , these consisting of a large specimen having a plate width at the parallel portion of 180 mm and thickness of 45 mm, and a small test piece having a parallel portion of diameter of 8 mm cut out from the welded portion of one large specimen. Fatigue tests of large specimens were performed using a servo type fatigue testing machine of the Honshu-Shikoku Bridge Authority having a maximum dynamic loading amplitude of 400 ton (4X 106 N). A servo type fatigue testing machine capable of applying maximum dynamic load of 5.0 ton (5x 104 N) was used for fatigue tests of small test pieces. The fatigue tests of large specimens and small test pieces were performed with pulsating loads of minimum stresses of approximately 0.1 kg/mm2 (1 N/mm2) for the former and 1 kg/mm2 (10 N/mm2) for the latter. The load waveformes were sine waves for both. While further, in order to clarify the initiation and propagation properties of fatigue cracks, beach mark tests were performed.
The welding residual stresses of large specimens were obtained by the method of pasting strain gages (gage length 2 mm) on the test section and measuring the released strain when a small piece was cut with a saw. Measurements were made on one unloaded large specimen and one large specimen after fatigue test. The welding residual stresses of small test pieces were almost completely relieved since the test pieces were cut out from weld portions.6),7),s)
RESULTS OF FATIGUE TESTS
The results of all fatigue tests are listed in Table 3 . With seven of the entire nine large specimens tested for fatigue, fatigue cracks were initiated from blowwholes existing at weld roots, and with three out of six specimens, locations of fatigue crack initiation were in portions of tack welds.
The size of blowholes in the Table 3 are the length and width of that.
Photo 1 shows the example of blowhole in fracture surface from which fatigue crack was initiated.
Photo. 2 is the example of fracture planes which was ruptured along the weld lines of the portions of tack weld of large specimens after fatigue testing.
In all of the specimens, penetration into grooves was sufficient and tack welds were remelted by succeeding welds, and consequently, the configurations of welding lines were regular and smooth.
However, there were a few small blowholes at weld roots. The occurrence of blowholes was remarkable especially in the portions of tack welds.
The locations of fatigue crack With all of the small test pieces, fatigue cracks were initiated from root portions of welds. There were small blowholes at the fracture surfaces of five test pieces.
However, the sizes of blowholes were smaller than those in large specimens as was expected, because all of the small test pieces were made from one large specimen and the dimensions of the small test pieces were extremely small as compared with those of the large specimen.
Consequently, the differences in fatigue strengths of large specimens and small test pieces in this study were caused by existence of welding residual stresses and sizes of blowholes.
Figs. 3, 4 shows the results of fatigue tests plotting stress range S on the ordinate and failure life Nr on the abscissa, both on logarithmic scales. The S-N1 curve calculated using a least squares fit for constant stress amplitude tests results is shown in Figs. 3, 4. In doing so, those in which fatigue cracks were not initiated from weld roots were omitted from the calculations. With specimens on which beach mark test were carried out, the testing stresses (the higher stress amplitude) and the number of cycles to failure (the number of cycles excluding the period of stress fluctuation reduced to one half) are plotted in Figs. 3, 4. There were large differences between the fatigue strengths of small test pieces and of large specimens, this trend being the same as stated in previous reports6>,8>.
The results on specimens in Refs. 6), 7) and 8) are also plotted in this figure. Welding of these specimens were done manually, the width and thickness of the parallel portions of the joint specimens were 70 x 14, 70 x 15 and 100 x 14 (mm), respectively, and the dimensions and the configurations of the small test pieces were the same as those in the study. The fatigue strengths of the large specimens were slightly lower than of those in the previous study. However, the fatigue strengths of the small test pieces in this study were higher than in the previous study.
The broken line in Fig. 3 shows the current allowable stress for this type of joint under pulsating stresses for the Honshu-Shikoku bridges, and it may be seen that all of the test results satisfy the requirement of this criterion. Fig. 5 shows the residual stress distributions in the direction of welding measured at the surfaces of unloaded large specimens.
There are residual tensile stresses at weld metal portions and their vicinities. Fig. 6 shows the residual stresses measured after fatigue tests. The residual tensile stresses were somewhat low compared with those in unloaded specimens. 
INITIATION AND PROPAGATION OF FATIGUE CRACKS
A beach mark expresses the configuration of a fatigue crack at the time of variation in stress conditions. Photo 3 shows a fracture surface with beach marks and Fig. 7 shows the stress history and the results of observations of beach marks of the large specimen, T-8. A fatigue crack had been initiated from the wall of a blowhole at the weld root. In this specimen, the number of times of reduction to one half of the stress range is 34, from which 30 beach marks were left on the fracture surface. Therefore, it is clear that the first beach mark had been formed by the fifth halving of the stress range and the fatigue crack had been initiated and started to propagate after the number of cycles of testing stress (nt) had reached 2 x 105 cycles and before it reached 2.5 x 105 cycles. Accordingly, if crack initiation life (Ne) is defined as the number of cycles of testing stress until formation of the first beach mark, Ne/Nf of this specimen is 0.12. However, because the spaces between the first and second beach marks and the third and fourth beach marks are wide compared with others, it is thought that distinct beach marks were not formed between them in spite of halving of the stress range. Consequently, it is surmised that the fatigue crack was initiated at the extremely early stage of repetitive stressing. Photo 4 shows fractographs of Specimen T-8 obtained by scanning electron microscope. There is one micro crack at the corner of the blowhole. However. the fatigue crack was initiated from irregularities in the surface of the blowhole.
In Fig. 3 , the results of Specimen T-8 are nearly plotted on the S-N curve obtained from constant stress range tests. Therefore, with most of the large specimens on which constant stress range tests were performed, it is surmised that fatigue cracks were initiated and began to propagate at extremely early stages of stress repetitions similarly to Specimen T-8.
Photo 5 and Fig. 8 shows the results of beach mark tests of the large specimen, T-9. With this specimen, one fatigue crack [Crack I] was initiated from a defect like a blowhole existing at a part of repair made on base metal by welding, which was propagated to result in failure. This repair is thought to have been made at the time of fabrication of the specimen. The dimensions of the repairing weld of 10 mm and depth of 3 mm. Consequently, it may be expected that there are considerably large welding residual stresses at these portions.
This specimen was failured during the eighth stress amplitude halving period, and there were 7 beach marks left on the fracture surface.
Accordingly, it is considered that this fatigue crack was initiated before application of testing stresses reached 5 x 104 cycles.
There was another fatigue crack [Crack II] on this fracture surface which was initiated from pitting formed in welding. Six beach marks were observed in this fatigue crack plane. Accordingly, it is clear that this crack was also initiated at an early stage of life.
The results of beach mark tests of Specimen T-10 are shown in Photo 6 and Fig. 9 . The fatigue crack was initiated from the root of welding. However, because of stepping at the root which might have been caused by initiation of plural fatigue cracks, detailed observations of the portion of crack initiation were not possible. This specimen was subjected to a total of six stress range reductions to one half, from which six beach marks were left on the fracture surface. Therefore, the first beach mark was formed by the first halving of the stress range and it is clear that this fatigue crack was initiated before 2 x 105 cycles of testing stress. In Fig. 3 , the results for Specimen T-10 are plotted considerably below the S-N curve. The configurations of the fatigue cracks of Specimen T-8 were roughly semi-circular until crack lengths became equal to the width of the blowhole, following which, the fatigue cracks grew into a circle to surround the blowhole. Just before the fatigue crack appeared at the surface of the specimen, the cracks formed an ellipse. The dimensions of beach marks measured are indicated in Fig. 10. Fig. 11 shows the dimensions of beach marks (a) of T-8 and T-10 large specimens at which they were plotted with the abscissa as "nt/Nf" (nt: the number of cycles of testing stress to form individual beach mark, Nf: the number of cycles of testing stress to failure) and ordinate as "a". The distance from the location of fatigue crack initiation to the surface of specimen is about 10 mm, therefore the fatigue crack appear at the surface of specimen at a= 10 mm. From this figure, the times at which fatigue crack appear at the specimen surface is at 90% of the failure life of T-8, 85c s of that of T-10, while approximately 50% of the failure life is spent for the fatigue crack to propagate to radius of about 1 mm of T-8, 2 mm of T-10 Specimen.
Figs. 12.15 gives the results of beach mark tests of small test pieces. With test piece W-18 and W-30, similarly to the cases of the T-8 large specimens a fatigue crack was initiated from a blowhole at the weld root, and there was coincidence between the number of times of stress range halving and the number of beach marks. Therefore, the fatigue cracks of these test pieces were initiated at an extremely early stage of repetitive stressing. 
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of weld metal at the weld root. In these cases, a fairly large number of stress repetitions was required until fatigue cracks were initiated, and N/Nf was 0.35 and 0.57 respectively. From these test results, it may be predicted that fatigue life of this type of joint will be improved if welding is done without blowhole at the root.
ESTIMATION OF FATIGUE CRACK PROPAGATION LIFE
In view of the fact that the greater part of the fatigue life of this type of joint is spent in propagation of the penny-shaped fatigue crack, the When the configuration of a fatigue crack initiated at the root is considered as a circle of radius a, the range of the stress intensity factor for this may be expressed by the equations below. 2/71 of F is the correction factor for a pennyshaped crack and the rest of F are the correction factor for a eccentric crack in finite thickness plate10 (Fig. 16 ).
(S: Stress range)
It is a well-known fact that Paris-law'1 of Eq. (2) is valid between fatigue crack growth rate (da/dN) and stress intensity factor range. Lower Limit of Crack growth rate. da/dN=8.5 x 10-11(4 K) 3, 4 K=kg/mm3/2 (6) Eqs. (3)- (6) are shown in Fig. 17 . These equations were often used for the prediction of fatigue life of structures. As for the results of the beach mark tests on Specimen T-8, assuming that the crack configuration is a semi-circular or a circular, the relation of 4 K determined applying Eq. (1) and da/dN calculated from beach mark spacing was plotted in Fig. 17 . The experimental values are distributed roughly between Eqs. (5) and (6) .
Substituting into Eqs. (1) and (2), the following differential equation is obtained.
The number of repetitions required for crack dimensions to develop from al to a2, namely, the fatigue crack propagation life (Np) is obtained by Ea. (7) as shown below. (8) If for a certain joint al and a2 are constant, and if F is constant, the right side of Eq. (8) (i) Initial Crack Size al: 0.3 mm in large specimen and 0.2 mm in small test piece referring to blowhole dimensions at fracture surface. The initial crack size is very important for the fatigue life, but unfortunately it is very difficult to establish. These value of ai are about the width of blowhole at the fracture furface (see Table 3 ) and larger than the radius of inscribed circle a little. Hirt and Fisher15 have studied about some initial crack-models for weld defect and demonstrated that the shortest life estimates resulted from the circumscribed crack and longest from the inscribed crack.
(ii) Final Crack Size a2: 8 mm in large specimen and 3 mm in small test piece. Np is insensitive to a2.
(iii) Stress intensity factor: According to Eq. (1). 2b=45 mm, e= 12.5 mm in large specimen and 2b=8 mm, e=0 in small test piece.
(iv) da/dN-4K: Eqs. (3) (6) obtained with small test pieces are considerably different from all estimated life curves.
On inversely calculating "rn" from the gradient of the S-N straight line of the experimental values, the results are 1/0.153= 6.53 from the straight line for the large specimen, and 1/0.086= 11.6 for the small test piece. Both values are considerably different from the n-value ontained from fatigue crack propagation experiments.
The fatigue crack growth rate, when the stress intensity factor range falls below a certain value, turns away from the relationship of Eq. (2) to abruptly become small, and reaches the threshold stress intensity factor range (4 Kt).
The range in which Eq. (2) is valid and 4Kta are both inuenched by the stress ratio R. The lower limit value of stress (Sa) during fatigue tests of the welded portion of a large specimen is the sum of residual tensile stress (Srd) and minimum stress (Smin) according to fatigue tests, and the upper limit value (Su) is the sum of Srd and the maximum stress (Smax) according to fatigue tests. From Fig. 5, 6 , based on the fact that Srd is from 25 to 35 kg/mm2 and on taking Srd = 30 kg/mm2 and Smm n = 0.1 kg/mm2 and calculating local stress ratio R using Su and S, the results will be R=0.54 in case of Sm a x = 2 5 kg/ mm2 and R=0.60 in case of Sm a x = 20 kg /mm2.
Barsom12 suggested a conservative estimate for the 4Kta value for martensitic steels, ferritepearlite steels and anstentic steels to be 4K25=22.6(1 -0.858) [kg/mm3/2] (10) Eq. (10) is valid for >0.1: for stress ratios <0.1 a 4Kta-value of 19.04 kg/mm3/2 was suggested. These provide a lower bound for 4K216 in the region between R = 0.0 and R =1.0 for structural steelsl6),17). Threshold stress range calculated using Eq. (10) for both type of specimen are shown in Fig. 18 . Ota et al.14 have proposed a fatigue crack growth relationship which took 4kta and R into account.
Eqs. (11), (12) are the relationships as derived from the mean regression curves of fatigue crack growth test data at R=0 and R=0.6 for 80 kg/mm2 class high tensile strength steel. progressed even at values of d K which were lower than d Kth, and on the whole, the experimental values are close to Eq. (12) . It may be considered that the existence of residual welding stress has an effect similar to rise in the stress ratio for the fatigue crack growth rate.
The estimated life curves calculated using Eq. (12) for large specimens and Eq. (Ii) for small test pieces with regard to the relation between da/dN and d K and with other conditions the same as before are the curves in Fig. 20 . The estimated curves using Eqs. (11) and (12) are very close to the experimental values for both large specimens and small test pieces.
Most of the life was exhausted while growth occured in a region of small AK. With T-8 specimen, about 75 parcent of the life was spent in region AK lower than 50 kg/mm3/2 [500 N/mm3/2], at growth rate was lower than 10-5 mm/cycle (See Fig. 17 ). Eqs. (3)- (6) were derived from the growth-rate data, the major part of that were higher than 10-5 mm/cycle. Careful evaluation of the crack grown relationships near the threshold stress intensity factor range is needed for the appropriate prediction of fatigue life.
CONCLUSIONS
The principal results obtained in the study are as follows.
(1) The fatigue strengths of the large specimens were slightly lower than those of commonsize specimens in the previous study, but all of the test results satisfy the requirement of the current allowable stress for this joint for the Honshu-Shikoku Bridges. The fatigue strengths of the small test pieses were very high, and there were large differences between the fatigue strengths of small test pieces and of large specimens.
(2) The starting points of fatigue cracks in six out of the entire nine large specimens were blowholes existing at weld roots. The size of blowholes in the small test pieces were smaller than those in large specimens.
Consequently, the differences in fatigue strengths of large specimens and small test pieces in this study were by existence of welding residual stresses and size of blowholes.
(3) With large specimens, fatigue crack were initiated and began to propagate at extremely early stage of stress repetitions.
Fatigue cracks initiated at weld roots are propagated while becoming circular.
Fatigue cracks appear at specimen surfaces on roughly 85% -95% of failure life, while approximately 50% of the failure life is spent for the fatigue crack to propagate to radius of 1'2 mm.
(4) The estimated life curves obtained based on the following assumptions are very close to the experimental values.
(i) The initial defect is assumed to be a pennyshape crack which simply continues to develop in that form.
(ii) The influences of residual stress on the fatigue crack growth rate and threshold stress intensity factor range are equal to the influence of stress ratio.
